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Description 

Method of Synthesizing Saccharide Compositions 

Technical Field 

This invention relates to methods of preparing saccharide 
compositions such as, for example, oligosaccharides, 
polysaccharides, glycolipids, and glycoproteins. 

Background Art 

The term "carbohydrate" embraces a wide variety of 
chemical compounds having the general formula (CH 2 0) n , such as 
monosaccharides, disaccharides, oligosaccharides and 
polysaccharides. Oligosaccharides are chains composed of 
saccharide units, which are alternatively known as sugars. 
These saccharide units can be arranged in any order and the 
linkage between the two saccharide units can occur in any of 
approximately 10 different ways. As a result, the number of 
different possible stereoisomeric oligosaccharide chains is 
enormous. 

Of all the biological polymer families, oligosaccharides 
and polysaccharides have been the least well studied, due in 
part to the difficulty of sequencing and synthesizing their 
often complex sugar chain. Although the synthesis of 
oligonucleotides and polypeptides are well developed, there is 
currently no generally applicable synthetic technique for 
synthesizing oligosaccharides. 

Numerous classical techniques for the theoretical 
synthesis of carbohydrates have been developed, but these 
techniques suffer the difficulty of requiring selective 
protection and deprotection, and, to date, have only provided 
very limited results. Organic synthesis of oligosaccharides 
is further hampered by the lability of many glycosidic bonds, 
difficulties in achieving regioselective sugar coupling, and 
generally low synthetic yield. These difficulties, together 
with the difficulties of isolating and purifying carbohydrates 
and of analyzing their structure, has made this area of 
chemistry a very demanding one. 
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Intensive research efforts have been devoted to 
carbohydrates and molecules comprising carbohydrate fragments, 
such as glycolipids and glycoproteins. Research interest in 
these moieties has been largely due to the riecognition that 
interaction between proteins and carbohydrates are involved in 
a wide array of biological recognition events, including 
fertilization, molecular targeting, intracellular recognition, 
and viral, bacterial, and fungal pathogenesis. It is now 
widely appreciated that the oligosaccharide portions of 
glycoproteins and glycolipids mediate the recognition between 
cells and cells, between cells and ligands, between cells and 
extracellular matrix, and between cells and pathogens. 

These recognition phenomena can likely be inhibited by 
oligosaccharides which have the same sugar sequence and 
stereochemistry found on the active portion of a glycoprotein 
or glycolipid involved in cell recognition. The 
oligosaccharides are believed to compete with the 
glycoproteins and glycolipids for binding sites on the 
receptor proteins. For example, the disaccharide galactosyl £ 
1-4 N-acetylglucosamine is believed to be one component of the 
glycoprotein which interacts with receptors in the plasma 
membrane of liver cells. To the extent that they compete with 
potentially harmful moieties for cellular binding sites, 
oligosaccharides and other saccharide compositions have the 
potential to open new horizons in pharmacology, diagnosis and 
therapeutics . 

There has been relatively little effort to test 
oligosaccharides as therapeutic agents for humans or animal 
diseases however, as methods for the synthesis of 
oligosaccharides have been unavailable as noted above. 
Limited types of small oligosaccharides can be custom- 
synthesized by organic chemical methods, but the cost of such 
compounds is typically prohibitively high. In addition, it is 
very difficult to synthesize oligosaccharides 
stereospecif ically and the addition of some sugars, such as 
sialic acid and fucose, has not been effectively accomplished 
because of the extreme lability of their bonds. Improved, 
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generally applicable methods for oligosaccharide synthesis are 
thereby desired for the production of large amounts of widely 
varying oligosaccharides for therapeutic purposes. 

For certain applications, enzymes have been targeted for 
use in organic synthesis as one alternative to more 
traditional techniques. For example, enzymes have been used 
as catalysts in organic synthesis, where the value of 
synthettic enzymatic reactions in such areas as reaction rate 
acceleration and stereoselectivity has been demonstrated. 
Additionally, techniques are now available for the low cost 
production of some enzymes and for alteration of their 
properties . 

Glycosyltransferases catalyze the addition of activated 
sugars (donor NDP-sugars) , in a step wise fashion, to a 
protein, glycoprotein, lipid or glycolipid or to the non- 
reducing end of a growing oligosaccharide. N-linked 
glycoproteins are synthesized via a transferase and a lipid- 
linked oligosaccharide donor [Dol-PP-NAG 2 Glc 3 Man 9 ] in an en 
block transfer followed by trimming of the core. In this case 
the nature of the "core" saccharide is somewhat different from 
subsequent attachments. A very large number of 
glycosyltransferases appears to be necessary to synthesize 
carbohydrates. Each donor NDP-sugar residue requires a 
distinct class of glycosyltransferases and each of the more- 
than-100 glycosyltransferases identified to date appears to 
catalyze the formation of a unique glycosidic linkage. To 
date, the exact details of the specificity of the 
glycosyltransferases are not known. It is not clear for 
example what sequence of carbohydrates is recognized by most 
of these enzymes. 

Glycosyltransferases have been found in soluble form in 
many vertebrate body fluids, but they are generally in 
membrane-bound form when associated with cells. Many of the 
membrane-bound enzymes studied thus far are considered to be 
intrinsic proteins; that is, they are not released from the 
membranes by sonication and require detergents for 
solubilization. Before 1971, glycosyltransf erase activities 
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were generally thought to be localized in the Golgi- 
retractions and endoplasmic reticulum of cells , since that was 
the finding in rat liver • Since then, surface 
glycosyltransf erases have been identified on the surfaces of 
vertebrate and invertebrate cells, and it has also been 
recognized that these surface transferases maintain catalytic 
activity under physiological conditions. However, the more 
recognized function of cell surface glycosyltransf erases is 
for intercellular recognition. ( Roth , Molecular Approaches to 
Supracellular Phenomena . 1990). 

Cells expressing cell surface glycosyltransferase 
activity have previously been identified. As a source of 
sialyltransf erase activity Cerven has reported such activity 
on the surface of intact Ehrlich ascites cells that were 
passed in Swiss albino mice. Bernacki has also measured 
endogenous sialyltransf erase activity on intact leukemic L- 
1210 cells. For a review of cell surface glycosyltransferase 
activity, see Pierce et al. . International Review of Cytology, 
65: 1-44 (1980) . 

In other cases it has been recognized that some 
glycosyltransf erases, particularly those which are membrane 
bound require the presence of an additional protein to exhibit 
transferase activity ( Kelleher ,D. J . et al . Cell . 69; 55-65, 
1992)) . 

Further, methods have been developed to alter the 
glycosyltransf erases expressed by cells. Larsen et al ., Proc. 
Natl. Acad. Sci. U.S.A. , 86 ; 8227-8231 (1989) , report a 
genetic approach to isolate cloned cDNA sequences that 
determine expression of cell surface oligosaccharide 
structures and their cognate glycosyltransf erases. A cDNA 
library generated from mRNA isolated from a murine cell line 
known to express UDP-galactose:£-D-galactosyl-l,4-N-acetyl-D- 
glucosaminide a-l,3-galactosyltransf erase was transfected into 
COS-1 cells. The transfected cells were then cultured and 
assayed for a 1-3 galactosyltransf erase activity. 

Paulson et al., U.S. Patent No. 5,032,519, discloses a 
method of producing secretable glycosyltransf erases. 
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According to this method , eukaryotic cells express a 
genetically altered soluble form of a glycosyltransf erase in 
addition to the endogenous Golgi-bound form of the enzyme. 
However, the Paulson et al method is limited only to 
eukaryotic cell systems. 

Francisco et al , Proc. Natl. Acad. Sci. U.S.A. . 89 ; 2713- 
2717 (1992) , disclose a method of anchoring /^-lactamase to the 
external surface of Escherichia coli. A tripartite fusion 
consisting of (i) a signal sequence of an outer membrane 
protein, (ii) a membrane-spanning section of an outer membrane 
protein, and (iii) a complete mature ^-lactamase sequence is 
produced resulting in an active surface bound /^-lactamase 
molecule. However, the Francisco method is limited only to 
procaryotic cell systems and as recognized by the authors, 
requires the complete tripartite fusion for proper 
functioning. Such bacterial tripartite fusions may not be 
suitable for industrial purposes because of the extreme burden 
on a cell to produce the long fusion protein thereby reducing 
cellular efficiency and growth. Production of the fusion 
protein construct is believed to be counter productive. 

Despite the advancements in modulation of bound and 
unbound glycosyltransf erases, the applications of such 
modified organisms has been very limited. In fact, these 
transformed cells have only been used to transgenically 
produce glycosylated proteins where only the non-glycosylated 
proteins have previously been available. 

Since extracellular glycosyltransf erases appear on the 
cell surface, it is now possible to utilize the activity of 
these glycosyltransf erases in a synthetic method. 

Disclosure of the Invention 

Accordingly, one object of this invention is to provide a 
novel method of synthesizing saccharide compositions, 
including oligosaccharides, using cell surface bound 
glycosyltransf erases. 

Another object of the present invention is to provide a 
bioreactor suitable for synthesizing said saccharide 
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compositions in accordance with the invention comprising at 
least one cell culture (if more than one, then each expressing 
a different glycosyltransf erase) and means for isolating the 
saccharide composition. 

Another object of the present invention is to provide a 
bioreactor suitable for synthesizing said saccharide 
compositions in accordance with the invention comprising at 
least one cell culture, expressing a glycosyltransf erase along 
with the conjugate donor saccharide. 

The inventor has now discovered that the above objects of 
the invention, and other objects which will become apparent 
from the description of the invention given hereinbelow, are 
satisfied by a method for the glycosyltransf erase catalyzed 
preparation of a saccharide composition by serially bonding 
preselected saccharide units to an acceptor moiety in which 
(i) an acceptor moiety is contacted with at least one donor 
saccharide in the presence of at least one cell surface-bound 
glycosyltransf erase specific for catalyzing the coupling of 
the acceptor moiety with the donor saccharide. The acceptor 
moiety is a carbohydrate, a glycoprotein, or a glycolipid. 
When the acceptor moiety is a protein or lipid, the resulting 
product is an O-linked glycoprotein or an O-linked glycolipid. 
The saccharide composition product is then isolated, and 
optionally further purified. 

Best Mode for Carrying Out the Invention 

As employed in this text, the term "saccharide 
composition" includes any chemical moiety having a saccharide 
unit within its structure. Sugars, carbohydrates, 
saccharides , monosaccharides , oligosaccharides , 
polysaccharides, glycoproteins, and glycolipids are examples 
of saccharide compositions. Mixtures and solutions comprising 
such entities are also saccharide compositions. 

In accordance with the present invention, an acceptor 
moiety is provided which is capable of being covalently bound 
to a preselected saccharide unit. Representative acceptor 
moieties include proteins, glycoproteins, lipids, glycolipids, 
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and carbohydrates such as monosaccharides, disaccharides, 
oligosaccharides and/or polysaccharides. It will be 
appreciated that acceptor moieties are preferred to the extent 
that they are present as a structural component of a 
saccharide composition of interest. It will be appreciated 
that when proteins and lipids are the acceptor , an O-linked 
glycoprotein or O-linked glycolipid will result. In order to 
form N-linked glycoproteins, the core saccharide unit must 
first be attached. For example, in preparing a saccharide 
composition such as N-acetylneuraminyl a 2-3 galactosyl /? 1-4 
N-acetylglucosamine, the acceptor moieties are N- 
acetylglucosamine and galactosyl ($ 1-4 N-acetylglucosamine. 
It will likewise be appreciated that where an acceptor moiety 
is terminated by a saccharide unit, subsequent saccharide 
units will typically be covalently bound to the nonreducing 
terminus of the terminal saccharide. 

The donor saccharide is provided in the form of a 
nucleoside mono- or diphosphate sugar. In mammalian systems, 
8 monosaccharides are activated in this form to provide the 
building blocks for most oligosaccharides: UDP-Glc, UDP- 
GlcUA, UDP-GlcNAc, UDP-Gal, UDP-GalNAc, GDP-Man, GDP-Fuc and 
CMP-NeuAc. 

In its simplest form, the method of the present invention 
provides for bringing together an acceptor and at least one 
donor saccharide in the presence of at least one cell culture. 
When more than one cell culture is used, each may preferably 
bear a different cell surface bound glycosyltransf erase 
capable of catalyzing the coupling of the acceptor and one 
donor saccharide as well as the acceptor-donor saccharide 
complex with the second donor saccharide. A single donor 
saccharide may be used where the trisaccharide is the result 
of binding the acceptor with two units of the same donor 
saccharide. The cell culture is allowed to grow and 
continually produce cells bearing membrane-bound 
glycosyltransf erase. In the presence of an acceptor and two 
donor saccharides, a bioreactor for producing a trisaccharide 
is provided. 
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The cells used according to the present process are 
cultures of a cell which expresses , on the cell surface, the 
glycosyltransferase of interest which is capable of catalyzing 
the reaction between the acceptor and donor moieties. While 
cell surface glycosyltransf erases occur naturally, it is also 
possible to transfect cells with genes to express a 
glycosyltranf erase of interest. 

Transf ected cells may be obtained by methods known to 
those of ordinary skill in the art. For example, to obtain 
transf ected cells, DNA, including cDNA, that contain the 
natural or modified sequences, that encode the catalytic and 
transmembrane regions of the glycosyltransferase, are 
transferred into a cell which naturally lacks expression of 
the glycosyltransferase of interest. Cells that already have 
cell surface expression of the glycosyltransferase of interest 
may also be transfected with the desired cDNA in order to 
obtain cells that have an even higher specific transferase 
activity on their surface. 

In many cases DNA (including cDNA) encoding 
glycosyltransferase genes have already been isolated and 
sequenced. A gene that encodes lactose synthetase has been 
reported for the bovine enzyme ( Narimatsu et al . Proc. Natl. 
Acad. Sci. USA , 83 ; 4720-24 (1986) and Shaper et al . Proc. 
Natl. Acad. Sci. USA . 83 ; 1573-77 (1986)) and a human enzyme 
( Appert et al , Biochem. Biophvs. Res. Comm. . 139; 163-68 
(1986)). Other glycosyltransferase genes which have been 
reported are two sialyltransferase ( Weinstein et al , J. Biol* 
Chem. . 262; 17735-43 (1987) ; Wen et al. . J. Biol. Chem. , 267 ; 
21011-19 (1992)), rat liver glucuronyltransf erase ( Jackson and 
Burcheli, Nuc. Acids Res. . 14 ; 779-95 (1986) ; Mackenzie . J. 
Biol. Chem. , 261 ; 14112-17 (1986) ) , a mouse 
glucuronyltransferase ( Kimura and Owens . Eur. J. Biochem. . 
168 ; 515-21 (1987)), a human glucuronyltransferase ( Jackson . 
Biochem. J. , 242 ; 581-88 (1987)), a human N- 
acetylgalactosaminyltransf erase ( Nacrata et al. . J. Biol. 
Chem. . 267 ; 12082-89 (1992)), a mouse galactosyltransf erase 
( Larsen et al. . Proc. Natl. Acad. Sci. U.S.A. . 86 ; 8227-31 
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(1989)), a rabbit N-acetylglucosaminyltransf erase I ( Sarkar et 
aL , Proc. Natl. Acad, Sci. U.S.A. . 88 : 234-38 (1991)), a rat 
N-acetylglucosaminyltransf erase III ( Nishikawa et al. . J.Biol. 
Chem . . 267 : 18199-204 (1992) ), a number of human 
fucosyltransferases f Larsen et aL . Proc. Natl. Acad. Sci. 
U.S.A. . 87 : 6674-78 (1990) ; Kukowska-Latallo et aL . Genes and 
Development 4 : 1288-303 (1990) ; Weston et al . . J. Biol. Chem. , 
267 : 4152-60 (1992)), a human N-acetylglucosaminyltransf erase 

( Berhuizen and Fukuda . Proc. Natl. Acad. Sci. U.S.A. . 89 : 
9326-30 (1992)), and a bovine N- 

acetylgalactosaminyltransf erase ( Homa et al. . J. Biol. Chem. . 
268 : 12609-16 (1993)). 

For glycosyltransf erases for which a gene (DNA or cDNA) 
is not readily available, the following approach may be used 
to obtain the DNA(s) encoding the glycosyltransferase(s) of 
interest. Generally, in the synthesis of a saccharide 
composition in accordance with the invention, a preselected 
saccharide unit is first enzymatically attached to an initial 
acceptor moiety, i.e., a protein, a glycoprotein, a lipid, a 
glycolipid, or a carbohydrate starting material. This is 
followed by enzymatically attaching preselected saccharide 
units to the product obtained in a sequential fashion thereby 
forming the saccharide composition. 

With the attachment of each preselected saccharide unit, 
one obtains an intermediate product. As described in greater 
detail in the inventor's pending application serial no. 
07/683,810, in the invention described therein the starting 
material of the synthesis (i.e., the protein, glycoprotein, 
lipid, glycolipid or carbohydrate) and each intermediate 
product formed in the synthesis can be advantageously used to 
obtain, for each corresponding step of the synthesis, a 
glycosyltransf erase specific to catalyze the attachment of the 
next intermediate product in the synthesis of the target 
saccharide composition. 

Thus, the glycosyltransf erase needed for any given step 
is isolated with the intermediate product (the acceptor 
moiety) and used to attach to the acceptor moiety the next 
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saccharide unit necessary for construction of the target 
carbohydrate molecule. This process may be repeated, with 
each iteration (time) yielding the particular 
glycosyltransferase required to attach the next saccharide 
unit onto the growing molecule being isolated, until the 
target carbohydrate molecule is obtained. In this manner, 
glycosyltransf erases specific for any particular acceptor 
moiety and capable of transferring a preselected saccharide 
unit to the acceptor moiety may be isolated and accordingly 
all of the enzymes for a given synthesis may be obtained* 

Alternatively, the peptide sequence may be obtained from 
a glycosyltransferase that has been purified by conventional 
methods known to those of ordinary skill in the art. 
Synthetic degenerate oligonucleotides derived from the peptide 
sequence can be used to screen lambda, cosmid, or YAC 
libraries and thus isolate cDNA or genomic clones for the 
various glycosyltransf erases. The polymerase chain reaction 
(PGR) method can also be used to clone glycosyltransf erases 
using the synthetic oligonucleotide probes described above. 
Finally, expression cloning which has been used successfully 
to isolate a number of glycosyltransf erases f Larsen st aL , 
Proc. Natl. Acad. Sci. U.S.A. , 87: 6674-78 (1990); Naaata et 
al. . J. Biol. Chem. . 267 ; 12082-89 (1992)) can also be used to 
obtain cDNAs encoding other glycoslytransf erases • 

Each requisite enzyme needed to synthesize an 
oligosaccharide of interest may be identified and obtained by 
contacting the acceptor moiety with a mixture suspected to 
contain a plurality of glycosyltransf erases, including the 
glycosyltransferase of interest, under conditions effective to 
bind the acceptor moiety and the glycosyltransferase specific 
for the acceptor moiety. The mixture suspected to contain the 
glycosyltransferase of interest may be identified as follows. 
For the most common glycosidic linkages, the 
glycosyltransferase activities have been described in 
publications. This is largely true for compounds like milk 
oligosaccharides, or the carbohydrate moieties of typical 
(i.e., prevalent) glycoproteins and glycolipids. For less 
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well described linkages, one may first look to the tissue, 
organ, on foodstuff organism, in which the linkage is found. 
Generally, if the linkage is found in a particular source, the 
enzyme that made the linkage is also present in the source. 

If one is presented only with a saccharide structure, and 
not a source, one can then test examples of organisms that are 
likely to contain such a saccharide structure (relying on 
publications of relevant structures) using the most sensitive 
screening assay available. For example, if the target 
compound contained iduronic acid, N-acetylgalactosamine and N- 
acetylglucosamine, one would test vertebrate connective 
tissue. If the target compound contain abequose, one would 
test bacteria and plants for the presence of the appropriate 
glycosyltransf erase . 

Various assays for detecting glycosyltransf erases which 
can be used in accordance with the invention have been 
published. The following are illustrative. Furukawa et al , 
Biochem. J. . 227 :573-582 (1985) describe a borate- impregnated 
paper electrophoresis assay and a fluorescence assay (figure 
6) developed by the inventor. Roth et al , Exp / 1 Cell Research 
143:217-225 (1983) describe application of the borate assay to 
glucuronyl transferases, previously assayed colorimetrically* 
Benau et al , J. Histochem. Cvtochem. , 38 : (1) :23-30 (1990) 
describe a histochemical assay based on the reduction, by 
NADH, of diazonium salts. 

Once a source for the glycosyltransferase of interest has 
been found, the source is homogenized. The enzyme is purified 
from the homogenate by affinity chromatography using the 
acceptor moiety as the affinity ligand. That is, the 
homogenate is passed over a solid matrix having immobilized 
thereon the acceptor moiety under conditions which cause the 
glycosyltransferase to bind to the acceptor moiety. 

Monitoring for acceptor-bound enzyme can be carried out 
as follows. The cell homogenate is passed over the 
immobilized acceptor moiety. This may be achieved, for 
example, by passing the cell homogenate over a column charged 
with immobilized acceptor moiety. The column is then washed 
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and the amount of protein which passes through the column 
charged with immobilized acceptor moiety is monitored. When 
no more protein is detected, an aqueous salt solution or 
solution of a suitable sugar donor eluant is passed through 
the column to elute the enzyme. The eluant obtained is then 
assayed for the presence of glycosyltransferase ( s) . The 
assays which can be used are noted above, i.e., the methods 
described by Furukawa et aL , Roth et al and Benau et al. 

If no binding of the enzyme to the acceptor moiety occurs 
(i.e., the assay of the eluate fails to reveal the presence of 
glycosy ltransf erase (s) therein), then it can be concluded that 
the mixture did not contain an enzyme specific for the 
particular acceptor. Other mixtures of, for example, animal 
and/ or plant cell homogenates are then contacted with the 
acceptor moiety until enzyme binding is observed. 

When the acceptor moiety is bound by an enzyme, the 
species are separated. For example, the solid support matrix 
having the glycosy ltransf erase bound thereto is washed. This 
is followed by an elution step in which the 

glycosyltransferase is desorbed from the solid support matrix 
and collected. As known, the absorbed glycosyltransferase may 
be eluted, for example, by passing an aqueous salt (e.g. NaCl) 
solution over the solid support matrix. 

In a preferred embodiment, the acceptor and the candidate 
enzyme are again contacted, this time in the presence of a 
donor moiety which comprises the saccharide unit desired to be 
transferred to the acceptor moiety. If such contacting 
results in the transfer of the saccharide unit to the 
acceptor, the enzyme is a glycosyltransferase useful in the 
practice of this invention. 

It will be appreciated that once the glycosyltransferase. 
is identified and isolated, it can be sequenced, DNA sequence 
encoding the enzyme obtained and/or replicated by techniques 
well-known to those skilled in the art. For example, 
obtaining a DNA sequence encoding the enzyme may be 
accomplished by recombinant techniques involving the isolation 
of genetic material coding for the glycosyltransferase and the 
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preparation of an immortal cell line capable of amplifying the 
amount of DNA encoding the glycosyltransf erase. This may be 
accomplished by determining the amino acid sequence of the 
glycosyltransferase (using known techniques) to a degree 
sufficient to enable isolation of a DNA sequence encoding the 
enzyme using a DNA or an RNA probe , preferably using 
degenerate probes. 

In accordance with the present invention the DNA 
(including cDNA) encoding for glycosyltransferase genes can be 
introduced into a host cell in either native or engineered 
form in both procaryotic or eukaryotic cells using known 
techniques as follows. 

In the case of procaryotes, the signal and transmembrane 
sequences of the glycosyltransferase are replaced by a 
bacterial signal sequence, capable of effecting localization 
of the fusion protein to the outer membrane. Suitable signal 
sequences include, but are not limited to those from the major 
E.coli lipoprotein Lpp and lam B. In addition, membrane 
spanning regions from Omp A, Omp C, Omp F or Pho E can be used 
in a tripartite fusion protein to direct proper insertion of 
the fusion protein into the outer membrane. Any procaryotic 
cells can be used in accordance with the present invention 
including but not limited to E.coli, Bacillus sp. , and 
Pseudomonas sp. as representative examples. 

In another embodiment, the native transmembrane domain of 
the glycosyltranf erase is replaced by the transmembrane domain 
of a bacterial outer membrane protein. In this embodiment, 
the glycosyltransferase signal sequence and the bacterial 
transmembrane region act in concert to anchor the 
glycosyltransferase to the bacterial outer cell membrane. Any 
outer membrane bound protein is suitable for this use 
including but not limited to Omp A, Omp C, and Omp F, Lpp, and 
Lam B so long as the transmembrane structure is known to such 
extent that one can determine the position, in the linear 
sequence, an extracellular loop occurs in the protein. The 
catalytic portion of the glycosyltransferase should be fused 
to an extracellular loop in the bacterial transmembrane region 
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in order to insure proper "orientation of the fusion protein on 
the outer membrane surface and not in the cytoplasm or 
periplasm of the cell. Insertion into such a loop region 
without description of the proper transmembrane folding has 
been previously reported ( Charbit et aL , J . Bacteriology , 173: 
262-275 (1991) ; Francisco, et al. , Proc. Natl* Acad. Sci. 
U.S.A. . 89: 2713-2717 (1992)). 

The present invention is also applicable for use with 
eukaryotic cells resulting in cell surface expression of 
glycosyltransferases in known culturable eucaryotic cells 
including but not limited to yeast cells, insect cells, 
Chinese hamster ovary cells (CHO cells), mouse L cells, mouse 
A9 cells, baby hamster kidney cells, C127 cells, and PC8 
cells. 

Paulson et al. (U.S. Patent No. 5,032,519, incorporated 
herein by reference) describe a method of engineering 
glycosyltranferases to result in secretion of a soluble form 
of the enzyme. The patentees describe the removal of the 
hydrophobic transmembrane anchor region of the 
glycosyltransferase which results in secretion of the protein 
in a soluble form. In the present invention the native 
transmembrane region of the glycosyltransferase is modified to 
allow the recombinant protein to be localized to the 
extracellular surface of the plasma membrane of the cell. 

In a preferred embodiment of the present invention, the 
transmembrane domain of the glycosyltransferase is replaced by 
the transmembrane domain of a plasma membrane protein. The 
transmembrane domain of any resident plasma membrane protein 
will be appropriate for this purpose. The transmembrane 
portions of the M6P/IGF-II receptor, LDL receptor or the 
transferrin receptor are representative examples. Further, a 
short cytoplasmic peptide in addition to the transmembrane 
portion would give improved anchoring into a plasma membrane. 
The cytoplasmic tails of any of the three previously mentioned 
receptor proteins will suffice if their internalization 
signals have been inactivated by site-directed mutagenesis 
(Johnson et al. ; Proc. Natl. Acad. Sci. U.S.A. . 87 : 10010- 
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10014 (1990) ; Canf ield et al. . J.Biol.Chem. . 266 : 5682-5688 
(1991)). Inactivation of the internalization signal can be 
achieved by modification of the four amino acid sequence tyr- 
X-X-Y, where X is any amino acid and Y is either leu, isoleu 
or val. The internalization signal is inactivated by 
conversion of the tyrosine to an alanine and Y to an alanine. 

In another preferred embodiment the Golgi retention 
signal of the glycosyltransf erase is disrupted by site- 
directed mutagenesis • This approach mutates the few amino 
acids responsible for localizing the glycosyltransf erase to 
the Golgi compartment. The resultant glycosyltransf erase is 
transported to the plasma membrane where it becomes anchored 
via its modified transmembrane sequences . Substitution of 
isoleucine residues for the native amino acids in the 
transmembrane region of the /3-1, 4-galactosyltransf erase has 
been shown to preferentially localize the enzyme to the plasma 
membrane instead of the Golgi apparatus ( Masibav et al. . 
J.Biol. Chem. . 268 : 9908-9916 (1993)). While not wishing to be 
bound to any particular theory , it is believed that 
substitution of the isoleucine residues, increases the 
hydrophobicity of the transmembrane sequence, resulting in the 
preferential localization of the enzyme in the plasma 
membrane. 

Any of the well known procedures, to those of ordinary 
skill in the art, for introducing foreign DNA sequences into a 
host cell may be used with the present invention. Suitable 
vectors for transporting the DNA into the cell include but are 
not limited to plasmid vectors , viral vectors and any of the 
other well known methods for introducing cloned genomic DNA, 
cDNA, synthetic DNA, semi-synthetic DNA and any other foreign 
genetic materials into a host cell. 

Suitable procaryotic vectors include but are not limited 
to pBR322, pMB9, pUC, lambda bacteriophage, m!3 bacteriophage, 
and Blue script®. 

Suitable eukaryotic vectors include but are not limited 
to pMSG, pAV009/A+, PMTO10/A+, pMAM neo-5, bacculovirus, 
pDSVE, YIPS, YRP17, YEP. 
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It will be clear to one of ordinary skill in the art 
which vector or promoter system should be used depending on 
which cell type is used for a host cell. 

Preferably, the cell culture only expresses the cell 
surface glycosyltransf erase of interest. 

Suitable cells may be identified by incubating the cells 
believed to express the cell surface glycosyltransf erase 
activity of interest with the appropriate acceptor and 
radiolabeled donor sugar moiety. At the end of the incubation 
period, the glycosylated product is separated from the unused 
radioactive substrate. The synthesis of the appropriate 
acceptor-donor condensate is then evidence of the presence of 
the glycosyltransferase activity of interest on the cell 
surface. 

In this fashion, an entire library of cell cultures may 
be identified which express, on their cell surface, a specific 
glycosyltransferase. For example, a cell culture which 
expresses N-acetylglucosaminyl transferase on the cell surface 
may be identified and stored. Likewise a cell culture which 
expresses a galactosyltransf erase may also be identified and 
stored. 

Once a library of suitable glycosyltransferases has been 
identified, it is then possible to select the specific 
glycosyltransferases needed to synthesize an oligosaccharide 
of interest. 

For example, in order to synthesize lacto-N-neotetraose, 
an oligosaccharide found in human milk of the structure 0-D- 
Gal 1-4 /3-D-GlcNAc 1-3 0-D-Gal 1-4 D-Glc, it is necessary to 
provide two cell cultures which provide the requisite two 
glycosyltransferases necessary to form the jS-Gal 1-4 GlcNAc 
bond, and the jS-GlcNAc 1-3 Gal bond. In the presence of these 
two cell cultures and UPD-GlcNAc, and UDP-Gal , /3-D-Gal 1-4 D- 
Glc(i.e. lactose) is converted into lacto-N-neotetraose. 

By assembling the cell cultures, acceptor and source of 
donor sugars, it is now possible to design a bioreactor to 
synthesize any oligosaccharide composition containing 
naturally occurring glycosidic linkages. The bioreactor would 



WO 95/02683 



PCT/US94/07807 



-17- 

mimic the results of a conventional bioreactor, in that 
cultured cells would produce a biological product of interest, 
however, in the present process, the product of interest can 
be determined at will. The bioreactor may contain any number 
of different cell cultures depending on the number of 
glycosyltransf erases needed to prepare the oligosaccharide of 
interest. Particularly the bioreactor may contain from one, 
two, three or four different cell cultures, each expressing a 
different glycosyltransf erase on the cell surface. The 
separate cell cultures will provide the same function as a 
single cell, however since the cell cultures and donor sugars 
may be selected, the resulting product may be predetermined. 

Suitable cells which express glycosyltransferase activity 
may be transfected procaryotic or eukaryotic cells. 
Preferably, transfected yeast cells which express the 
glycosyltransf erases of interest are used. 

The present invention may also be practiced with a 
multiplicity of cells expressing different 
glycosyltransf erases in the same manner as described above, 
such that a cell surface glycosyltransferase and conjugate 
donor saccharides are contacted with a suitable acceptor to 
form an oligosaccharide. 

In this fashion, any oligosaccharide of interest may be 
formed simply by bringing together the appropriate cells 
expressing the requisite cell surface glycosyltransferases and 
the necessary acceptor and donor saccharides. It is now 
possible to generate a "designer" bioreactor through selection 
of cell cultures and donor saccharide units. 

In a preferred embodiment, a bioreactor containing a cell 
culture that expresses a given conjugate sugar nucleotide 
donor, due to transfection of cDNAs that encode the enzymes 
necessary for synthesis of this saccharide donor, is allowed 
to interact with another bioreactor containing a cell culture 
which has surface expression of the appropriate 
glycosyltransferase for the conjugate sugar nucleotide. 
Suitable cells are identified by including the appropriate 
radiolabeled acceptor moiety in the culture medium. At the 
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end of the incubation period, the glycosylated product is 
separated from the unused radioactive acceptor. Formation of 
the radiolabeled product is evidence that a cell culture 
expressing the conjugate saccharide donor and a cultured cell 
expressing the glycosyltransf erase on its surface are both 
present. It is also possible that the cell culture which has 
surface expression of the appropriate glycosyltransferase and 
the cell culture which expresses a given conjugate sugar 
nucleotide donor interact in a single bioreactor. 

In another preferred embodiment, the same cell culture 
has both surface expression of a glycosyltransferase and 
expresses the conjugate donor saccharide. Suitable cells are 
identified by incubating the cell believed to express the cell 
surface glycosyltransferase and conjugate moiety. At the end 
of the incubation period, the glycosylated product is 
separated from the unused radioactive acceptor. The reaction 
of the radioactive acceptor is evidence of the presence of a 
surface glycosyltransferase and conjugate donor saccharide in 
the same cell culture. The glycosyltransferase activity is 
then identified by characterization of the acceptor-donor 
saccharide composition. 

Through identification of cell cultures which express 
both a glycosyltransferase and conjugate donor saccharide, the 
efficiency of any bioreactor containing this cell culture is 
greatly enhanced due to obviating the need to separately 
supply the donor saccharide. 

The bioreactor according to the present invention may be 
any conventionally used cell culture reactor. A suitable 
reactor will provide a means for maintaining a stable suitable 
temperature, a supply of essential cell nutrients, and means 
for mixing the contents of the reactor. 

According to the present process, cells may be cultured 
continuously, or in batches according to standard techniques. 

Cells may be cultured in a modified batch process through 
continuous phasing of the nutrient environment (U.S. 
3,419,703) 

The saccharide compositions which can be prepared in 
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accordance with this invention are believed to find wide 
utility in diagnostics, therapeutics, and pharmacological 
applications. Once the sugar sequence of a desired target 
saccharide composition has been determined by conventional 
methods, a retrosynthetic analysis is generally performed to 
determine an appropriate synthetic scheme for the saccharide 
composition. Such a synthetic scheme preferably identifies 
the particular donor moieties, acceptor moieties, and 
giycosyltransferase necessary to yield the desired saccharide 
composition. 

* * * 

These and other features of the invention will become 
apparent in the course of the following descriptions of 
exemplary embodiments which are given for illustration of the 
invention and are not intended to be limiting thereof. 

* * * 

Example 1 

Synthesis of lacto-N-neotetraose 

To a cell culture apparatus containing a suitable 
reaction culture medium is added two cell cultures, each of 
which express a different giycosyltransferase. One cell 
culture expresses a giycosyltransferase necessary to produce 
the Gal 1-4 GlcNAc bond. A second cell culture provides a 
giycosyltransferase necessary to form the GlcNAc 1-3 Gal bond. 
The reaction medium consists of water and suitable nutrients 
to support the growth of the cell culture. Into this cell 
culture apparatus is also provided, one eq. of UDP-GlcNAc, and 
one eq. of UDP-Gal. A molar equivalent of lactose is then 
added to the reaction medium. The reactor is brought to a 
temperature of 35°C and reacted for 28 hours. The cell 
cultures are then separated by filtration and the supernatant 
liquid is purified by chromatography to yield lacto-N- 
neotetraose . 

***** 
Obviously, numerous modifications and variations of the 
present invention are possible in light of the above 
teachings. It is therefore to be understood that within the 



WO 95/02683 



PCT7US94/07807 



-20- 



scope of the appended claims, the invention may be practiced 
otherwise than as specifically described herein. 
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Claims 

1. A method for the glycosyltransf erase-catalyzed 
preparation of a saccharide composition by serially bonding 
preselected saccharide units to an acceptor moiety comprising: 

(i) contacting an acceptor moiety with at least one donor 
saccharide in the presence of at least one cell surface-bound 
glycosyltransf erase specific for catalyzing the coupling of 
the acceptor moiety with said donor saccharide, wherein said 
acceptor moiety is a carbohydrate, a protein, a glycoprotein, 

a lipid, or a glycolipid, and 

(ii) isolating said saccharide composition. 

2. The method of Claim 1, wherein at least two different 
cell surface bound glycosyltransf erases and two donor 
saccharides are used. 

3. The method of Claim 1, wherein said cell is a 
procaryote . 

4. The method of Claim 3, wherein said acceptor moiety 
is a carbohydrate. 

5. The method of Claim 4, wherein said carbohydrate is a 
monosaccharide. 

6. The method of Claim 4, wherein said carbohydrate is a 
disaccharide. 

7. The method of Claim 4, wherein said carbohydrate is 
an oligosaccharide. 

8. The method of Claim 4, wherein said carbohydrate is a 
polysaccharide . 

9. The method of Claim 3, wherein said acceptor moiety 
is a protein. 
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10 • The method of Claim 3, wherein said acceptor moiety 
is a glycoprotein. 

11. The method of Claim 3, wherein said acceptor moiety 
is a lipid. 

12. The method of Claim 3, wherein said acceptor moiety 
is glycolipid. 

13. The method of Claim 1, wherein said cell is a 
eukaryote . 

14 . The method of Claim 13 , wherein said acceptor moiety 
is a carbohydrate. 

15. The method of Claim 14, wherein said carbohydrate is 
a monosaccharide. 

16. The method of Claim 14, wherein said carbohydrate is 
a disaccharide. 

17. The method of Claim 14, wherein said carbohydrate is 
an oligosaccharide. 

18. The method of Claim 14, wherein said carbohydrate is 
a polysaccharide. 

19. The method of Claim 13, wherein said acceptor moiety 
is a protein. 

20. The method of Claim 13, wherein said acceptor moiety 
is a glycoprotein. 

21. The method of Claim 13, wherein said acceptor moiety 
is a lipid. 

22. The method of Claim 13, wherein said acceptor moiety 
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is a glycolipid. 

23. The method of Claim 1, wherein said cell is a 
transfected cell which expresses 01-4 gly cosy Itransf erase. 



25. The method of Claim 1, wherein said cell is a yeast 

cell . 

26. The method of Claim 3, wherein said cell is 
transfected with a DNA vector comprising cDNA encoding for a 
glycosy Itransf erase . 

27. The method of Claim 26, wherein the native signal 
sequence of said cDNA has been replaced with a bacterial 
signal sequence. 

28. The method of Claim 27, wherein said signal sequence 
comprises a defective signal peptidase cleavage site. 

29. The method of Claim 27, wherein said bacterial 
signal sequence is a protein selected from the group 
consisting of OmpA, Lpp, and LamB. 

30. The method of Claim 26, wherein said cDNA 
additionally comprises a portion of DNA encoding for a 
hydrophobic protein region, wherein said DNA segment is 
inserted after the native signal sequence in said cDNA. 

31. The method of Claim 30, wherein said DNA or sequence 
encodes for the hydrophobic region of a transmembrane protein. 

32. The method of Claim 31, wherein said hydrophobic 
region of a transmembrane protein is selected from the group 
consisting of OmpA, Lpp and LamB. 



24. The method of Claim 1, 
transfected cell which expresses 



wherein said cell is a 
01-3 glycosy Itransf erase. 
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33. The method of Claim 13, wherein said cell is 
transfected with a cDNA containing DNA vector comprising a 
native signal sequence, and a region of DNA encoding for a 
glycosyltransf erase, wherein the DNA encoding for the 
hydrophobic membrane region has been deleted. 

34. The method of Claim 33 , wherein said signal sequence 
comprises a defective signal peptidase cleavage site. 

35. The method of Claim 33, wherein said cDNA further 
comprises a section of DNA encoding for a segment of a 
transmembrane protein. 

36. The method of Claim 35, wherein said segment of DNA 
encodes for a transmembrane protein selected from the group 
consisting of OmpA, Lpp, and LamB. 

37. The method of Claim 1, wherein the carboxyterminus 
of said glycosyltransferase is C-terminus bound to said cell 
surface. 

38. The method of Claim 28, when said signal peptidase 
cleavage site has been destroyed by site-directed mutagenesis 
of the DNA encoding said signal sequence. 

39. The method of Claim 34, wherein the carboxyterminus 
of said glycosyltransferase is C-terminus bound to said cell 
surface. 

40. A bioreactor suitable for the glycosyltransferase 
catalyzed preparation of a saccharide composition by serially 
bonding preselected saccharide units to an acceptor moiety, 
comprising: 

a reaction means comprising at least one culture of cells 
which expresses a cell surface membrane bound 

glycosyltransferase, and a source of a donor saccharide moiety 
specific for said membrane bound glycosyltransferase, and 
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means for isolating said saccharide composition. 

41. A bioreactor suitable for the glycosyltransf erase 
catalyzed preparation of a saccharide composition by serially 
bonding preselected saccharide units to an acceptor moiety, 
comprising: 

a reaction means comprising at least two cell cultures of 
cells, each of which express a different cell surface membrane 
bound glycosyltransf erase and conjugate donor saccharide, and 

means for isolating said saccharide composition. 

42. The bioreactor of Claim 40, wherein said cell 
cultures are transfected cells, transfected to express a 
glycosyltransf erase 

43. The bioreactor of Claim 40, wherein one of said 
cultures is a culture of transfected cells which express 
glucosyltransf erase . 

44. The bioreactor of Claim 40, wherein one of said 
cultures is a culture of transfected cells which express 
galactoslytransf erase . 

45. The bioreactor of Claim 40, wherein said cells are 
yeast cells. 

46. The bioreactor of Claim 40, wherein said cells are 
procaryotes. 

47. The bioreactor of Claim 46, wherein said cells are 
transfected with a DNA vector comprising cDNA encoding for a 
glycosyltransf erase . 

48. The bioreactor of Claim 46, wherein the native 
signal sequence of said cDNA has been replaced with a 
bacterial signal sequence. 
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49. The bioreactor of Claim 48, wherein said signal 
sequence comprises a defective signal peptidase cleavage site. 

50. The bioreactor of Claim 48 , wherein said bacterial 
signal sequence is a protein selected from the group 
consisting of OmpA, Lpp, and LamB. 

51. The bioreactor of Claim 46, wherein said cDNA 
additionally comprises a portion of DNA encoding for a 
hydrophobic protein region, wherein said DNA segment is 
inserted after the native signal sequence in said cDNA. 

52. The bioreactor of Claim 51, wherein said DNA or 
sequence encodes for the hydrophobic region of a transmembrane 
protein. 

53. The bioreactor of Claim 51, wherein said hydrophobic 
region of a transmembrane protein is selected from the group 
consisting of OmpA, Lpp and LamB. 

54. The bioreactor of Claim 40, wherein said cells are 
eukaryotic cells* 

55. The bioreactor of Claim 54, wherein said cells are 
transfected with a cDNA containing DNA vector comprising a 
native signal sequence, and a region of DNA encoding for a 
glycosyltransf erase, wherein the DNA encoding for the 
hydrophobic membrane region has been deleted. 

56. The bioreactor of Claim 55, wherein said signal 
sequence comprises a defective signal peptidase cleavage site. 

57. The bioreactor of Claim 55, wherein said cDNA 
further comprises a section of DNA encoding for a segment of a 
transmembrane protein. 

58. The bioreactor of Claim 57, wherein said segment of 
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DNA encodes for a transmembrane protein selected from the 
group consisting of OmpA, Lpp, and LamB. 

59* The bioreactor of Claim 40, wherein the 
carboxyterminus of said glycosyltransf erase is C-terminus 
bound to said cell surface, 

60. The bioreactor of Claim 49, when said signal 
peptidase cleavage site has been destroyed by site-directed 
mutagenesis of the DNA encoding said signal sequence. 

61. The bioreactor of Claim 56 , wherein the 
carboxyterminus of said glycosyltransf erase is c-terminus 
bound to said cell surface. 
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